4-Sulfenyl-2-carbamoyl-4-isoxazolin-3-ones (4) were designed on the basis of biological isosterism and prepared in four steps. Some of these compounds showed sufficient pre-emergent herbicidal activities against various kinds of weeds. Among the synthesized compounds, 2-(N-(4-chlorophenyl)-N-isopropylcarbamoyl) -4-ethylthio-5-methyl-4-isoxazolin-3-one (4cd) exhibited the most promising activity.
The introduction of a sulfur atom into compounds sometimes plays an important role in drugs and agrochemicals. In some aspects the chemical reactivity and property of sulfide resemble those of ether, but in other aspects they are very different.
1) The sulfur atom potentially has the ability to undergo oxidation to the corresponding sulfoxide and sulfone. According to this property a sulfur atom acts distinctively. Metcalf reported that alkylthio-substituents in sulfur-containing cholinesterase inhibitors can be oxidized in vivo to the corresponding sulfoxide and sulfone to delay their endometatoxic systemic properties.
2) The introduction of the alkylthio group in place of the chlorine atom sometimes brings about drastic changes in biological properties.
3) The chlorine atom of s-triazine herbicide 1, so-called simazine, 4) had herbicidal activity but inflicted serious damage on transplanted rice. On the other hand, simetryne, 5) a compound 2 in which the chlorine atom was replaced with the methylthio group showed improved herbicidal activity and reduced rice injury (Chart 1). In simetryne, the methylthio group plays a biologically isosteric role, equal to that of a chlorine atom. This result indicates that the introduction of the alkylthio group instead of a chlorine atom on heterocyclic rings might increase herbicidal activity and decrease rice injury. The synthesis and herbicidal activities of 2-carbamoyl-4-chloro-4-isoxazolin-3-ones (3) have been reported. 6) These compounds showed effective herbicidal activity against harmful grass weed species such as barnyardgrass (Echinochloa oryzicola VASING), but they inflicted undesirable damage on transplanted rice. Thus, the discovery of the bioisosteric transformation 3) prompted us to synthesize 4-alkylthio-4-isoxazolin-3-one derivatives (4) , in an effort to enhance the herbicidal activity and reduce undesired damage to rice (Chart 2). In this paper, we report synthesis of 4-alkylthio-2-carbamoyl-4-isoxazolin-3-ones and the herbicidal activity of these compounds in a paddy field.
The easiest way to synthesize the desired 4-alkylthio-2-carbamoyl-4-isoxazolin-3-ones was direct conversion of chlorine atom in 2-carbamoyl-4-chloro-4-isoxazolin-3-ones by alkanethiol. But it seemed that the substitution of chlorine atom attached to sp 2 -carbon of a-position of carbonyl group by alkanethiol hardly proceeded. Therefore, to synthesize the target compounds securely, incorporation of alkylthio group prior to forming isoxazoline ring was considered. According to the retro synthetic analysis, it was speculated that 4-alkylthio-2-carbamoyl-4-isoxazolin-3-ones could be selectively synthesized by carbamoylation of 4-alkylthio-3-hydroxyisoxazoles (5) at the nitrogen atom, and that 5 could be prepared through the regio-selective condensation of 2-alkylthio-b-ketoesters (6) and hydoxylamine (Chart 2).
A number of synthetic reactions of 2-alkylthio-b-ketoesters have been reported (Chart 3). Kay et al. reported that the introduction of methanesulfenyl group into 7 and subsequent reduction with zinc dust gave ethyl 2-methylthioacetoacetate (6a) (Eq. 1). 7) Sasaki et al. reported the single step conversion of 2-chloroacetoacetate (7) to 2-arylthioacetoacetate (6p) by treatment with arenethiol and triethylamine (Eq. 2). 8) Held et al. described the direct sulfenylation of b-ketoesters using benzenesulfenyl chloride (Eq. 3). 9) However, among the synthetic methods illustrated in Chart 3 (Eqs. 1-3), only a limited variety of b-ketoesters were available as starting materials, and the yields were low. Moreover, the pursuit of Kay's method did not proceed in good yield nor offer adequate generality for our purposes. 10) Clearly, a more efficient and general synthetic method for 6 was required for the preparation of various kinds of derivatives. From another viewpoint, Malleron et al. reported the synthesis of 6r by deprotonation of ethyl 2-phenylthioacetate (10) followed by the addition of benzoyl chloride.
11) However, the benzoylation in this report was only exemplified and the yield of the product was a mere 10% (Eq. 4). 11) Given the wide range of acylating reagents that can be obtained commercially, and the easy accessibility of the starting materials, 2-alkylthioacetates (13), from thioglycolates (11) or 2-chloroacetates (12), we independently explored a similar preparation reaction of 6. As a result, deprotonation of 2-alkylthioacetates (13) with lithium bis(trimethylsilyl)amide (LiN(TMS) 2 ) 12) and subsequent treatment with acyl chlorides proved to be the best way to prepare 6. Consequently, a variety of 6 could be prepared in good yields using this method. Details of these results are summarized in Table 1. A number of synthetic reactions of 3-hydroxyisoxazole from b-ketoesters and hydroxylamine have been reported, but there is always a problem that the cyclization reaction affords a mixture of two regio-isomers. One promising procedure for regioselective preparation of 3-hydoxyisoxazoles was ketalization of b-ketoesters followed by the reaction of hydroxylamine and subsequent acid-hydrolysis.
13) However, when this method was used for the preparation of 4-alkylthio-3-hydoxyisoxazoles, the initial step to ketalize the 2-substituted b-ketoesters generally did not proceed smoothly. 9) In our previous paper we reported that the desired 4-alkylthio-3-hydroxyisoxazoles (5) were produced in good yields by treating 2-alkylthio-b-ketoesters (6) with hydroxylamine in an alkaline solution at a temperature under Ϫ10°C without ketalization, immediately quenching the reaction mixture with concentrated HCl, and quickly heating at 80°C. 10) Using this method, compounds 5 shown in Table 2 could be obtained without the appearance of regio-isomers. Condensation of difluoromethylthio substituted compound (6l) and hydroxylamine did not proceed under these conditions. Therefore, by simple treatment of the compound 6l with trimethylorthoformate, the ketal 14l was obtained and subsequent addition of hydroxylamine afforded hydroxamic acid, followed by the cyclization with hydrochloric acid to afford the desired 5l in 45.0% yield efficiently (Chart 5).
3-Hydroxyisoxazoles (5) have two positions to be acylated. The reaction of 3-hydroxyisoxazoles with N,N-dialkylcarbamoyl chloride gave O-carbamoyled product, while the reaction with alkyl isocyanate gave N-carbamoyled product as reported earlier.
14) The latter reaction enabled us to produce N-carbamoyled compounds selectively, but this reaction could not be applied to N,N-dialkyl carbamoyled product. After some attempts were made to synthesize the N,N-dialkyl carbamoyled product, 2-chlorocarbonyl-4-isoxazolin-3-ones (15) generated from 3-hydroxyisoxazoles and phosgene were proved to be satisfactory intermediates. Accordingly, treatment of 3-hydroxyisoxazole derivatives (5) with 4 eq of phosgene in toluene gave 2-chlorocarbonyl-4-isoxazole-3-one derivatives (15), selectively. After evaporating the solvent and excess amount of phosgene, a mixture of aniline derivatives and triethylamine was added to the solution of the crude residue in tetrahydrofuran (THF) to afford the desired 2-carbamoyl-4-isoxazolin-3-ones (4) in good yields. Two strong absorptions observed in the IR spectrum (n max cm Ϫ1 : 1700-1715 and 1600-1620) strongly suggested the existence of two carbonyl groups in the molecule. Taking this result into consideration, these structures were determined to be N-carbamoyled products rather than O-carbamoyled products. Our results are summarized in Table 3 . 
Biological Results
The comparative herbicidal activity of the synthesized compounds was measured at the whole plant level via a greenhouse assay. Table 6 shows the results of herbicidal evaluations of the synthesized compounds. Structures and activity relationships strongly resembled those of 4-chloro-4-isoxazolin-3-one derivatives (3).
6) The substitution of a chlorine atom at the 4-position of the 4-isoxazolin-3-one ring with the alkylthio groups maintains herbicidal activity. In this series, an alkylthio group seemed to act as a biological isostere to a chlorine atom. All tested compounds showed good activity against Echinochloa oryzicola VASING (EO), Cyperus serotinus ROTTB. (CS), and Eleocharis kuroguwai OHWI (EK). In general, lower activity was accompanied by a change from methylthio to longer alkylthio substituents at the 4-position (R 1 S) of the 4-isoxazolin-3-one ring. Introduction of an alkoxyalkylthio group (4md) or alkynylthio group (4nd) gave disappointing results. Compared with the more bulky isopropyl group (4cd), a small alkyl group such as a methyl (4ca) or ethyl group (4cb) at the nitrogen atom in the carbamoyl group slightly decreased herbicidal activity and increased injury toward transplanted rice. Electron withdrawing groups such as a nitro (4cj) or trifluoromethyl group (4ck) on an aryl group (R 4 ) decreased the activity, and the introduction of a cyano group (4ci) increased the unwanted damage to transplanted rice.
In summary, the novel 4-isoxazolin-3-ones (4) presented in this paper showed good to excellent herbicidal activity and rice selectivity. In this series, the alkylthio group played a biological isosteric role to a chlorine atom. Among the synthesized compounds, 2-(N-(4-chlorophenyl)-N-isopropylcarbamoyl)-4-ethylthio-5-methyl-4-isoxazolin-3-one (4cd) exhibited the best herbicidal activity against all tested weeds.
While several compounds were investigated more fully in the greenhouse, none of them seemed to show adequate potential to merit detailed field evaluation.
Experimental
Synthesis All melting points (mp) are uncorrected. IR spectra were measured on a Jasco A-102 spectrometer or Perkin-Elmer 1600 spectrometer.
1 H-NMR spectra were recorded at 60 MHz on a Varian 360A spectrometer, at 200 MHz on a Varian Gemini 200 spectrometer, or at 270 MHz on a JOEL GX 270 spectrometer with tetramethylsilane as an internal standard. Mass spectra (MS) and high-resolution mass spectra (HR-MS) were obtained with a JEOL JMS-D300 mass spectrometer and a VG Auto Spec M mass spectrometer.
Ethyl 2-Ethylthioacetate (13c) Sodium ethoxide (12.76 g, 188 mmol) was added to a solution of ethyl thioglycolate (11) (15 g, 125 mmol) in ethanol (150 ml) and the resulting mixture was stirred at room temperature for 5 min. Then, ethyl iodide (30 ml, 0.356 mmol) was added and the resulting mixture was refluxed for 1 h. The reaction mixture was concentrated to one-third volume, diluted with water, and extracted with ether (2ϫ). The combined extracts were washed with brine (1ϫ), dried over Na 2 SO 4 , and evaporated in vacuo. The residue was distilled under reduced pressure (bp 85°C (20 mmHg)) to yield 13.04 g (70.4%) of 13c as oil.
Compounds 13d-13o were synthesized in the same manner. (Compound 13a is commercially available.)
Ethyl 2-Ethylthioacetoacetate (6c) A 1.0 M solution of LiN(TMS) 2 in THF (7.08 ml, 7.08 mmol) was gradually added to a solution of ethyl 2-ethylthioacetate (13c) (500 mg, 3.37 mmol) in THF (10 ml) at a temperature below Ϫ50°C and after 30 min a solution of acetyl chloride (0.32 g, 4.08 mmol) in THF (5 ml) was added at Ϫ50°C. The resulting mixture was stirred at Ϫ50°C for 50 min, at Ϫ20°C for 1 h, at 0°C for 40 min, and at room temperature for 30 min. The reaction mixture was quenched by the addition of saturated aqueous solution of NH 4 Cl and 1 N hydrochloric acid and then extracted with ether (3ϫ). The combined extracts were washed with brine (1ϫ), dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel chromatography to afford 451 mg of 6c (70.3%) as oil.
Compounds 6a, 6b, 6d-6n were synthesized in the same manner. Ethyl 2-Ethylthio-3-oxopentanoate (6d): Oil, HR-MS Calcd for C 9 2 in THF (62.24 ml, 62.24 mmol) was gradually added to a solution of ethyl 2-(2,4-dichlorobenzylthio)acetate (13o) (8.69 g, 31.1 mmol) and acetyl chloride (2.6 g, 31.1 mmol) in THF (200 ml) at a temperature below Ϫ50°C and the resulting mixture was stirred at Ϫ50°C for 1 h. The reaction mixture was quenched by the addition of saturated aqueous solution of NH 4 Cl and 1 N hydrochloric acid and then extracted with ether (3ϫ). The combined extracts were washed with brine (1ϫ), dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel chromatography to afford 3.6 g of 6o (36.0%) as oil. HR-MS Calcd for C 13 H 14 Cl 2 O 3 S: 320.0041. Found: 320.0042.
4-Ethylthio-3-hydroxy-5-methylisoxazole (5c) 6c (2.60 g, 13.7 mmol) was added to a solution of potassium hydroxide (0.90 g, 13.6 mmol) in water (16 ml) and methanol (32 ml) at 0°C and the mixture was stirred for 30 min. An aqueous solution (16 ml) of potassium hydroxide (2.70 g, 40.9 mmol) and hydroxylamine hydrochloride (2.85 g, 41.0 mmol) was added at Ϫ30°C. After 1.5 h acetone (20 ml) was added to the mixture and the stirring was continued for an additional 10 min. After adding concentrated hydrochloric acid (7 ml) and stirring at 90°C for 45 min, the mixture was diluted with water and extracted with ether (3ϫ). The combined extracts were washed with brine (1ϫ) and then extracted with 1 N aqueous solution of sodium hy-514
Vol. 48, No. 4 Ethyl 2-Difluoromethylthio-3,3-dimethoxybutyrate (14l) 95% sulfuric acid (0.2 ml) was added to a mixture of 6l (16.47 g, 77.6 mmol) and trimethyl orthoformate (10.2 ml, 93.2 mmol) in methanol (20 ml) and the resulting mixture was refluxed for 15 h. After neutralizing the reaction mixture with a solution of potassium hydroxide in methanol and filtering it, the filtrate was concentrated in vacuo to give 12.72 g of 14l (63.5%) as a crude oil, which was subjected to the next reaction without further purification. 
